This paper examines the shear stress and displacement occurring in CFRP tendons through finite element analysis on the parameters influencing the anchoring performance to evaluate the behavioral characteristics of the bonded type anchorage for CFRP tendon. The selected parameters are the inner angle of the anchorage barrel, the friction between the barrel and filling material, and the elastic modulus of the filling material. The difference in the behavioral characteristics is examined for each parameter. In view of the analytic results, the shear stress developed in the CFRP tendon reduces with larger inner angle of the barrel and lower elastic modulus of the filling material. However, such combination provokes also the increase of the relative displacement of the CFRP tendon. Especially, slip failure may occur due to the lack of the confining force necessary for the anchorage due to the sudden loss of vertical force brought by the wedge force. The experimental results relative to barrel inner angles of 2˚ and 4˚ showed that the specimen with an angle of 2˚ preserved its anchoring performance up to tensile failure whereas the specimen with an angle of 4˚ failed in developing its maximum anchoring performance due to slip failure.
Introduction
Fiber Reinforced Polymer (FRP) has recognized recently wider applications in the construction sector owing to its advantageous material properties compared to the conventional construction materials such as concrete or steel like its higher specific strength (strength-to-weight ratio), resistance to corrosion and convenient workability. FRP started to be used in construction as strengthening material for degraded structures and is today exploited as structural material such as in the FRP deck to replace the concrete deck or as a mean to replace corrodible materials like steel reinforcement or steel wire. Especially, efforts are being recently attempted to replace the steel wires used as tendons in prestressed concrete structures by the non-corrodible FRP [1] .
Most of the FRP tendons are made of CFRP (Carbon FRP). Unlike conventional steel, CFRP is an anisotropic material with outstanding strength characteristics in the direction of the fibers but low lateral strength in the direction perpendicular to the fibers, which presents limitations for the immediate use of the traditional steel tendon anchorage. The currently commercialized or reported anchorages for FRP tendon are the wedge type, pressure type and bonded type anchorages [2, 3] . The wedge type anchorage uses mechanical gearing, which provokes the concentration of stress at the front of the wedge and causes early failure of FRP. In order to overcome this problem, several researchers proposed to change the angles of the wedge and barrel or to vary locally the stiffness of the wedge [4] . The pressure type anchorage exhibits outstanding performance compared to the wedge type anchorage by determining the dimensions of the sleeve enabling to introduce the adequate pressure force necessary for the anchoring. However, it is difficult to derive the appropriate dimensions of the sleeve considering the low shear strength of FRP [5] . Both wedge type and pressure type anchorages are variants of the traditional anchorages used for steel tendons. Besides, the bonded type anchorage relies on the bond strength between FRP and the filling material without relying on the low shear strength of FRP. This type of anchorage has been proposed for the tensile test of FRP members in major standards dedicated to FRP such as ACI [6] , ASTM [7] and CSA [8] . Since the bonded type anchor-age relies on the bond strength, it is disadvantageously longer than the wedge type or pressure type anchorages. Reference [3] reported that the length of the bonded mold should more than 50 times longer than the diameter of the tendon for FRP to reach failure. Even if the length of the anchorage can be shortened because compressive force can be expected bond force and the wedge action, the conic resin-potted anchorage obtained by processing the inner part of the steel tube mold of the bonded type anchorage into a conic shape still necessitates solutions enabling to mitigate the concentration of stress occurring at the frontal part of the filling material in the wedge similarly to the wedge type anchorage.
This paper intends to examine the behavioral characteristics of the CFRP tendon and anchorage according to the wedge action of the conic anchorage in order to manufacture the optimal conic bonded type anchorage realized by endowing a conic shape to the inner part of the steel tube mold of the bonded type anchorage for CFRP tendon. To that goal, three dimensional finite element analyses are performed on the conic anchorage. The performances of the anchorage are investigated through parametric study for further development of the bonded type anchorage for CFRP tendon. In addition, directions for the fabrication of the bonded type anchorage necessary for the effective development of the anchoring performance are proposed based upon the analysis of the results of the tests conducted on various bonded type anchorages.
Analysis of Bonded Type Anchorage

Selection of Parameters
As mentioned above, the conic anchorage applies the wedge force on the CFRP tendon through the wedge action generated by the inner filling material and the angle of the barrel. The vertical force produced by the wedge action can be obtained by the increase of the frictional force confining the tendon. However, an excessive vertical force produced by the wedge may provoke shear failure of the tendon similarly to the conventional wedge type anchorage as shown in Figure 1 .
Besides, insufficient wedge force will generate insufficient frictional force and may result in early slip failure. Accordingly, need it to examine the factors influencing significantly the vertical force generated by the wedge action in order to secure the appropriate confining force by the conic shape. Figure 2 describes the composition of the conic bonded type anchorage for CFRP tendon together with the major influential factors. The major factors affecting the performances of the conic bonded type anchorage are the bond length, the angle of the inner filling cylinder, the coefficient of friction between the filling material and the barrel, and the elastic modulus of the filling material.
The parameters considered in this study are the coefficient of friction between the filling material and the barrel, the inner angle of inclination of the barrel, and the type of filling material (epoxy, mortar, aluminum). The designation with respect to these parameters is defined in Figure 3 . In the analysis, the effects according to the change in each of the parameters is investigated with reference to an inner angle of 2˚, a coefficient of friction of 0.5 and an elastic modulus of 42 GPa for the inner filling material.
Analysis Model
The anchorage considered in the analysis is composed of the CFRP cable, the inner filling material, and the external barrel. The basic dimensions of the anchorage are presented in Figure 4 . The barrel is assumed to be made of steel with an elastic modulus of 200 GPa and a Poisson's ratio of 0.33. The CFRP tendon developed by the Korea Institute of Construction Technology (KICT) has a nominal diameter of 5 mm and an elastic modulus of 200 GPa and a Poisson's ratio of 0.27 are used in the analysis. The considered anchorage is a 7-wire multi-tendon anchorage. For the convenience of analysis, the 7 tendons are modeled by converting them into a unique tendon with cross-sectional area corresponding to the nominal cross-sectional areas of the 7 tendons. In other words, the analysis does not consider the inter-layer shear between the CFRP wires. The elastic modulus of the material filling the barrel is adopted as parameter in the analysis. The elastic modulus is varied from 2 to 72 GPa assuming low strength epoxy to aluminum.
The commercial finite element analysis software ABAQUS is used for the analysis. Three dimensional model is adopted to produce results simulating appropriately the actual behavior. A half model with reference to the center of the CFRP cable is used for the efficiency of the analysis ( Figure 5 ). Eight-node solid elements are applied in the analysis. Since modeling is performed so that the nodes are shared by the elements, the computational time is shortened and numerical errors are reduced.
The CFRP cable and the inner filling material are assumed to be perfectly tied. Modeling is also performed by using surface-to-surface contact condition between the inner filling material and the barrel.
In the surface-to-surface contact condition, the contact stress-spacing condition in the direction perpendicular to the contact surface is assumed as hard contact so that the contact behaves as perfect bonding when the spacing between the surfaces of contact falls below a definite value and so that the surfaces of contact separate according to the stress state and spacing condition after contact. The shear friction force occurring in the direction parallel to the contact surface varies with respect to the size of the input coefficient of friction. The boundary conditions are shown in Figure 6 . The top of the barrel (opposite to the loaded face) fixed by a nut is assigned with boundary conditions restraining the displacement and rotation and, the cut face has its displacement and rotation restrained in its out-of-plane direction.
Loading is applied as stress on the surface of the end of the CFRP tendon. A stress of 4000 MPa corresponding to the tensile strength of the CFRP tendon is applied to evaluate the behavior of the anchorage and tendon up to the failure of the CFRP tendon.
Analysis Results and Discussion
Analysis was conducted for a total of 9 cases considering the coefficient of friction, the angle and the properties of the filling material as parameters and including the reference specimen A2-F05-W42. The maximum shear stress (S12) developed in the CFRP tendon and the maximum displacement (D y ) of the tendon at its loaded end resulting from the analysis are as follows. As listed in Table 1 , the largest maximum shear stress developed in the tendon occurs with the largest elastic modulus of the inner filling material and the smallest maximum shear stress is developed with the lowest elastic modulus of the filling material. The peak displacement of the tendon occurs when the elastic modulus of the filling material has the largest value and the smallest maximum displacement appears with the largest angle of the inner barrel. 1) Effect of Coefficient of Friction Figure 7 plots the shear stress and displacement with respect to the coefficient of friction relative to the anchorage filled with high strength mortar (elastic modulus of 42 GPa) and inner angle of 2˚.
The small graphs inserted in Figure 7 plot the peak values per parameter. The maximum shear stress developed in the CFRP tendon is 243.8 MPa and 225.2 MPa when the coefficient of friction is 0.7 and 0.3, respectively, which shows its tendency to increase slightly with larger coefficients of friction. The analysis revealed that all the anchorages filled with high strength mortar and inner angle of 2˚ experienced stresses lower than the shear strength of 267 MPa of the CFRP tendon develped by KICT regardless of the coefficient of friction. o 2) Effect of Strength of Barrel Figure 8 plots the shear stress and displacement of the CFRP tendon according to the inner strength of the barrel in the case of identical type of filling material and coefficient of friction.
Differently from the results related to the change in the coefficient of friction, the maximum shear stress in the cable tends to decrease with larger inner angle. Especially, the shear stress along the direction of the tendon shows also relatively uniform distribution. The maximum shear stress for an inner angle of 1˚ reaches 263.2 MPa, which corresponds to 99% of the shear strength of the CFRP tendon. In the anchorage with an inner angle of 4˚, the maximum shear stress reaches 177.4 MPa corresponding to a reduction of approximately 33% compared to the shear stress for the inner angle of 1˚. As shown in Figure 8 , the shear stress in the portion within about 80 mm from the free end of the CFRP tendon decreases with smaller inner angle and the shear stress in the portion from 80 mm and 230 mm from the free end increases with smaller inner angle. This means that the shear stress concentrates at the loaded end of the tendon as much as the inner angle is small and tends to distribute relatively along the length of the tendon with larger inner angle. Such stress distribution can be attributed to the reduction of the force produced by the wedge action consecutive to the increase of the inner angle and to the fact that the anchorage by bonding governs the performance.
The relative displacement between the free end and loaded end of the tendon shows practically no change according to the variation of the inner angle. The relative displacement for an inner angle of 1˚ reaches 1.015 mm and reaches 1.020 mm for an inner angle of 4˚ representing merely a difference of 0.5% between these two angles. However, the displacement provoked by the wedge sliding appears to increase with smaller inner angle. Especially, the sliding displacement of the tendon for the inner angle of 1˚ is larger by about 4 times compared to that corresponding to the inner angle of 4˚. 3) Effect of the Properties of the Filling Material Figure 9 plots the shear stress and displacement of the cable according to the properties of the filling material.
As shown in Figure 9 , the physical properties of the filling material inside the conic anchorage have the largest effect on the maximum shear stress of the CFRP tendon compared to the coefficient of friction and inner angle. The maximum shear stress occurring in the tendon according to the elastic modulus of the inner filling material is seen to vary from 51.0 MPa and 291.5 MPa. When using epoxy, the filling material with very low elastic modulus, the maximum shear stress in the CFRP tendon reaches 51.0 MPa corresponding to 19% of the shear strength of the CFRP tendon and shows even distribution ranging from 35 MPa to 51 MPa along the 
Test and Verification of the Anchorage
tendon. The maximum shear stress in the CFRP tendon experiences also sudden increase with larger elastic modulus of the filling material. In the anchorage assumed to be filled with aluminum, the maximum shear stress reaches 291.5 MPa resulting to the shear failure of the tendon prior to the tensile failure of the CFRP tendon. Accordingly, the physical properties of the filling material appear to have effect on the mitigation of the concentration of the shear stress. Especially, the use of a filling material with low elastic modulus is seen to be effective in reducing the significant shear stress occurring at the loaded end of the tendon. Based upon this observation, Figure 10 illustrates the solutions proposed for the anchorage for CFRP tendon by filling the anchorage by a low elastic modulus material in the portion featured by the concentration of stress [9] .
Material Test of CFRP Tendon
The CFRP tendon considered in this study is made of 5 mm-diameter steel wires that have not received separate surface treatment. Therefore, tensile test was conducted in compliance with the testing method of [1] proposed by modifying the CSA testing method. In order to improve the bond performance of the non-surface treated tendons, the cross-section of the tendon was quadrisected longitudinally to increase the bond area and alumina oxide coating was applied on the surface to secure sufficient bond performance between the filling material and the tendon as shown in Figure 11 . Figure 12 illustrates the strengthening of the extremity by using small quantities of fiber to prevent longitudinal splitting. In Figure 9 (b) plotting the displacement of the CFRP tendon with respect to the physical properties of the filling material, it can be observed that comparatively larger difference in the relative displacement between the free end and loaded end of the tendon is obtained than in the analysis results corresponding to the variation of the coefficient of friction or inner angle. The sliding of the inner filling material becomes significant with lower elastic modulus of the filling material. The relative displacement between the free end and loaded end of the CFRP tendon also shows a tendency to increase in such case. For the parameter A2-F05-W02 exhibiting the lowest elastic modulus of the filling material, the sliding of the free end of the CFRP tendon reaches 7.86 mm and the relative displacement between the free end and loaded end of the tendon is 2.62 mm. For the parameter A2-F05-W72 exhibiting the highest elastic modulus of the filling material, the sliding of the free end of the CFRP tendon reaches 2.98 mm and the relative displacement between the ends of the tendon is 1.35 mm.
The so-treated CFRP tendon was then aligned in the steel tube as shown in Figure 13 and the specimen was filled with non-shrinkage mortar as applied in the reference specimen in the analysis. The tensile test was performed after completion of more than 7 days of curing for the mortar to develop sufficient strength. Figure 14 presents the compressive strength per age of the mortar used as filling material. A water-to-mortar ratio of 16% was adopted considering the workability of mortar during filling.
A UTM (Universal Testing Machine) with capacity of 980 kN was used for the tensile test of the CFRP tendon. Loading was applied through displacement control at speed of 0.0835 mm/sec. Tensile test was conducted on a total of 10 tensile specimens. All the specimens failed typically through tensile failure of FRP (Figure 15) . All the specimens exhibited strength higher than the nominal strength of 4000 MPa specified by the manufacturer. The tensile test results of each specimen are listed in Table 2. 
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ic anchorag sis model of this study, preliminary test was conducted on the anchorage with 7 multi-tenof 7-CFRP Wire Anchorage
1) Preliminary Test
Prior to the test on the bonded type con e addressed in the analy dons to verify the anchoring performance of the bonded type anchorage ( Table 3 ). In the preliminary test, tensile test is carried out on a specimen with the extremity of each test f the single tendon and a specimen in which the tendons ing to 58% of the esponding to 94% of dge e specimens were manufactured to pr ered in the analysis. Test was also additionally conducted individual tendon processed like in the tensile o are disposed with large spacing and without particular treatment of the extremities. Here also, both specimens have their surface coated with alumina oxide so as to increase the surface bond strength.
The test was conducted using the same method as the tensile test of the CFRP tendon. The final test results are arranged in Table 4 . The simply bonded preliminary test specimen II failed through slip in the individual tendons at loading of 319.81 kN correspond nominal strength of the CFRP tendon. Figure 16 plots the load-displacement curve measured on the preliminary test specimen I of which the bond surface was enlarged. It can be seen that slip occurred locally around 310 kN and that the final slip failure (Figure 17 ) occurred at 516.05 kN corr the nominal tensile strength of the CFRP tendon.
2) Preliminary Test
The simple bonded type anchorage failed to develop 100% of its anchoring performance by slip. The test on the conic bonded type anchorage demonstrated the effective improvement of the bond performance by the we action. The anchorag esent inner angles of 2˚ and 4˚ in the barrel as consid- omparison with the simple bonded type anhorage. The major dimensions of the anchorages are on an anchorage specimen with inner barrel angle of 0˚ for further c c presented in Figure 18 . The anchorages were fabricated to be supported by means of a nut identically to the analysis model. The treatment of the extremity of the CFRP tendons and the test were carried out identically to the methods adopted for preliminary test specimen I.
The final failure patterns of the 7-wire anchorages are avior until its final failur o 0˚ (M7-0) experienced local slip around 350 kN similarly to the preliminary test but final failure occurred at load of 5 Unlike specimen M7-0, the specimen with inner angle of 2˚ (M7-2) preserved a linear beh e at 599.71 kN through rupture of the CFRP tendon. The absence of slip in M7-2 can be explained by the confinement of the tendon by the lateral force produced by the wedge action. The specimen with inner angle of 4˚ (M7-4) experienced slip at 342.73 kN and final failure at 481.29 kN. As seen in the analysis results, the lateral force generated by wedge action in specimen M7-4 appears to be insufficient in anchoring the tendon. Especially, it seems also that the inner space of the barrel narrowed by the inner angle was insufficient to secure the density of the filling mortar. As shown in Figure  19(c) , the core wire located at the center of specimen M7-4 was practically not anchored and resulted in the failure of the remaining 6 wires around the peak tensile load of 471 kN. 
Conclusion
This study intended to investigate the behavioral characteristics of the bonded type anchorage for CFRP tendon.
To that goal, finite element analysis was conducted on the parameters affecting the anchoring performance and the shear stress and displacement occurring in the CFRP tendon were analyzed. The analysis results revealed that the shear stress developed in the CFRP tendon decreased with larger inner angle of the barrel and lower elastic modulus of the filling material. However, this combination resulted also in the sudden loss of the vertical force generated by the wedge force leading to the lack of confining force necessary for the anchoring and subseq of 1˚, it appeared that the shear stress uently to the occurrence of slip failure. In the case of an inner barrel angle close to the shear strength of CFRP tendon was developed. In the case of an elastic modulus of 72 GPa for the filling material, shear stress larger than the shear strength developed resulting in the occurrence of shear failure in the anchorage prior to the tensile failure of the tendon.
Based upon these results, the optimal bonded type anchorage appeared to be the anchorage with inner barrel angle of 2˚ and is filled with mortar. Therefore, tests were carried out on specimens with inner barrel angles of 0˚, 2˚ and 4˚ to verify the analysis results. The experimental results also showed that the simple bonded type anchorage specimens with inner barrel angles of 0˚ and 4˚ failed in developing their maximum performance due to slip failure whereas the specimen with inner barrel angle of 2˚ was able to exhibit its anchoring performance up to the tensile failure of the tendon, which confirmed the analysis results.
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